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I t  i s  alreedy a well e3tablished theGry tha t  chemical 

evolution, i . e .  evelution cn the molecular l eve l ,  has 

preceded the hp2earance of tkie f i r s t  l i v ing  c e l l  on the ear th .  

Current concepts suggest t h a t  a r e l a t i v e l y  simple prirnit ive 

atmosphere, consis$iir,g of  aef,hane, zmonia ,  wster,  and a l s o  

probably s m e  molecular hydrogen under influence of u l t r a -  

v i o l e t  r ad ia t i cn ,  e i e c t r i c z l  discharges ard high energy 

r ad ia t iocs  has Seen transformed i n t o  more conplicated compounds 

(1, 2,  3 ) .  I t  has been general ly  a.ccepted t h a t  the temperature 

a t  the  time of t n i s  transformation was l e s s  than 100°C. The 

raw mater ia l  thus produced, accmulated i n  pools  of x a t e r  

t h a t  condensed, forming an organic mi l l ieu ,  i . e .  the non- 

living Eixture  of carbon compounds xhich i s  general ly  

considered as a prerequis i te  of t he  o r ig in  cf l i f e .  

es t imates  made by Urey ( 2 )  ifidicate t h a t  the p r i n i t i v e  oceans 

n ight  have ccntained a s  much 2s LO per cent  of dissolved 

organic compounds. The synthesis of these rad mater ia l s  

continued until a s t a t e  of e q u i l i b r i - i  was reached, i n  which 

the ac t ion  of avai iable  energy sources produced as much of 

the raw mater ia l  as it destmj-ed. 

only r e l a t i v e l y  sircple aolecules  could be forrced beczuse the 

niore c o q l i c s t e d  2nd l a b i l e  axes would be destroyed by the  

energet ic  u l t r a v i o l e t  radiat ion reaching the surface of the 

ea r th ,  unscreened by the ozone l aye r ,  which now protec ts  the 

Some 

In  th i s  2eriod cf t h e  

ear th .  
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The above theor ies  of Oparin (1) and Urey (2: hzve been 

subjected t o  r i g i d  laboratory tests by !:iller ( I t ,  5) ,  
Pzvlovskaya and Fbsynskii ( 6 > ,  dbelscn ( 7 ) .  ISro (g) ,  

Hzsselstrox ( 9 1 ,  Paschke (lo), and others  i l l ,  12) .  

1aborstl ;ry t x r k  has pcdl ice2 vzr ious -products of Siochemical 

i rpor tance ,  such as amino acids ,  a l i 2 h a t l c  zcids ,  polyhydroxy 

conpoiT-rids aldeli;ldes m d  w e z .  Subjecting thzse zirnple 

mclecules t c ?  further ac t ion  of u l t r z v i o l e t  rcd ih t ion  o r  s i l d  

heatf-xg, riso2;;?& i -;?f i - + - T  of C G I L ~ ~ ~ X  o r g m i c  mclecules. 

Such highar order r e a c t i o n s ,  f o r  e-r';:crle, r e su i t  iz l  prcciuction 

cf polypeptides from m i n o  ac ids ,  as demonstrated 3y Fcx (13 ,  

141, Xka'oori (151, Doty (i6), and ochers (171, i n  ac tua l  

laboratorj-  experiments. 

This 

- bJ 

I n  the  reviewed l i t e r a t u r e ,  mort of tke authors (1, 18, 

19, 2 0 )  desl ing with the  problec? o f  the o r i g i n  of l i f e ,  are 

convinced t h a t  a t  some s tage of chemical evolut ion,  p r p h y r i n s  

must haTJs developed. 

1abGratOry evidencs t h s t  pori;hj-rins o r  porphine-like substances 

could be siynthesized fron precursors which were a v a i h b l e  

during the period o f  chemical evoluticn on ear th .  

However, mtil r ecen t ly  there  was no 

This paper presents observations having d i r e c t  bearing 

on the  formation of the organic miilieu, mmely the synthesis  

of porphine-like substances f ~ o n  s i r p l e  precursors.  

It  has been knom tha t  pyr ro le  and benzaldehyde when heated 
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0 t o  about 180 C. ccnclense t o  form .., :, 5 .  , * -  -tetraphenyl- 
, -  

-. _. 
porphine (21) (Pig. 1) asd - I . ,  c', 3F , ~ -tetraphenylchlorine (22) .  

The sme systeril, w i t h  5 ml. cf P y r r o l e ,  10 ~ 1 .  of benzaldehyde, 

10 ~ 1 .  of  3yridine !all f r e sh ly  r e d i s t i l l e d ) ,  and 5 g.  of zinc 

a c e t a t e ,  was u-sed i n  our f i r s t  experiments (23).  The pyridine 

serves a s  a sclvent .  Zinc ace t a t e  WES fov-nd t o  increase the 

yield (22,  24). 

tube w i t h  approximately 2 ml. of a i r  spsce 9l;ove the liquid 

m d  irrac?iated with Ca6@ , '-rays f o r  I C  k-rs. a t  t h e  rz te  of 

appsoxiratel.y 0.5 megaroentgens per  n o ~ r .  

removed frcm the i r r s d i a t i o n  vesse l ,  r e d d i s h  i n  color ,  was 

d i lu t ed  wfth chlcrcforn,  t reated with ~n equal vcluqe G f  6 N 

hydrochloric acicl, and s t i r r e d  vigorously f o r  3 hours. The 

a c i d i c  so lu t ion  was then neutral ized w i t h  ammonia. The 

chloroform sol7Jt5on, separated f rom the aqueous l aye r ,  was 

w s h e d  several  times with d i s t i l l e d  vater and chrcnatographed 

on act ivzted alumina, 5 s  sugz-ested by Pr ies thof f  and Banks (24), 

w i t h  f r e s h  ch lorcfom as the e lue r t .  

separat ions removet2 r n G s t  of the t a r r y  products from the  

ch~oroform sc lu t ion ,  which vas subsequently subjected t o  

chromatogrzphy on a Ragnesol column. 

repacked i n t o  a secolzd co lmn ,  wetted with ether, and eluted 

wi th  chloroform. The procedure was repeated imtil a s ing le ,  

c l e a r  band was obtained on the c o l m .  

The n ix ture  was  laced i n  h screw-car, Pyrex 

Tke so lu t ion  

Three chromatographic 

The dark-green band was 

In  recent  experimnts  (251, a system, consis t ing of 3 ml. 

G f  f r e s h l y  d i s t i l l e d  p y r r o l e ,  6 ml. of benzaldehyde, and 4 m l .  
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of water,  was placed i n  a 250 ml. beaker, ar,d then i r r ad ia t ed ,  

a t  a dis tance of 25 cc1 w i t h u l t r a v i o l e t  l i g h t ,  using a 100 Watt 

Hanovia U t i l i t y  Model Lamp. 

the f i l t e r  was 45 per cent  a t  2500 1, 90 p e r  cent a t  3000 

The rad ia t ion  t ransmit ted through 

and 

the  output of the lamp was 1.5 x quanta per sec per cm 2 
16 or 5 x 10  

toward radiat ion.  The doses >rere measured by chemical act ino-  

metry, u s h g  an uranyl oxzlate actinoEeter according t o  Forbes 

and Heidt (26 ) .  After exposure, the  reddish-brown solut ion 

was d i lu t ed  with approxixately 20 ml. of ch lorofom 2nd washed 

w i t h  20 ml. of d i s t i l l e d  water. After seaarat ion i n  a separa- 

tory  funnel,  the zqueous layer was discarded, and the chloroform 

l aye r  w a s  t ransferred i n t o  a beaker charged w i t h  approximately 

20 g of anhydrous s o d i m  sulfete t o  rezove the excess of water. 

The sodium s u l f a t e  ;/as ther, f i l t e r e d  o f f  and discarded, while 

the  f i l t r a t e  wcs di lu ted  up t o  50 ml, volume w i t h  chloroform 

and s tored f o r  the quant i ta t ive  determination of porphines. 

quanta per sec per area of the mixture exposed 

The f i n a l  product separat ion >;as acccmplished by column 

chromatography, using act ivated al-mina (F-20) and F l o r o s i l  

(60-100 mesh) 8s adsorbents and f r e s h  chloroforn; 8 s  eluent .  

Two chromatographic trestments on a l m i n a  and three  t o  four  

chroEatographic s e p r s t i o n s  o n  Flo ros i i  yielded a p r e  prodzct. 

The porphines appeared i n  the elueEis and collections of e luent  

were continued u n t i l  no Sore t  band appeared i n  the e f f luent .  

The same mixture of yyrrcle ,  benzaldehyde and water when 

placed i n  t h e  dark wi thmt  i r r ad ia t ion ,  a l s o  produced porphines. 
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The i s o l a t i o n  and qu rn t i t a t ive  determinztioc of porphines wzs 

done by the sane metkods used f o r  i r racl is ted rriixtures. 

I f ,  insteed of water,  pyridine wr,s used a s  a solvent i n  

the system, m-d the mixture wss then i r r zd ia t ed  f o r  two hours, 

no por2hine-like substances could be detected by previously 

used methods. 

trmes of porphines. 

Aging of the rnixtwe f o r  t e g  days Froduced cnly 

A t yp icc l  s2ectr.m o f  2 coapcund t sc l a t ed  frorr, an 

i r r r d i z t e d  ziixt-are a d  the referecce spec t rm of t he  con;pou?d 

synthesized by t h e  rccxnod of 2211, e t .  a l .  (221, a r e  presented 

i n  Fig. 2. 

Thomas e t  91, (271, and Dorough e t  al. (SF) .  

est imst ion of the y i e l d ,  the molar ext inc t ion  coe f f i c i en t  of 

18.7 x lC3 a t  515 E,,: mximm wes used, es suggested by ThomLs 

and i42rtel l  (27 ) .  

es tabl ished by the  f o r m t i o n  of 3. z i m  c,tlelate, according t o  

the procedure o f  Fiothemnd a d  Xecot t i  (291, and Dcrough e t  

a l .  (28) .  Both spec t r a s  t h e  reference zinc chelLte and the 

che la t e  of the  coapound i so le ted  from the i r r a d i a t e d  mixture 

a r e  i d e n t i c e l ,  2s shown i n  Fig .  3. 

Both spec t r s  Ere  ident ic21  with those ob tz i ced  by 

For quan t i t a t ive  

I d e n t i t y  of t h e  compound w2s f u r t h e r  

It is z l so  well 2~0w-n tinct ccid s p l t s  of q., k, r,s - 
tetraphenylpcrphines erkibi t  a c h z r a c t e r i s t i c  spectra  (28, 3 0 ) .  

Therefcre,  p z r t  of t he  benzene solbition of t h e  reference 

compound end p a r t  cf the benzene soluticn of compo-ads i so l a t ed  

from i r r a d k t e d  mixtures were evaporzted t o  dryaess and t rer ted 

w i t h  g h c i a l  a c e t i c  acid.  Upon recording the spectra  (Fig.  4) 
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they were found t o  be iden t i ca l  with those f i s t e d  i n  the 

I i t c r a t u r e  ( X ,  3 0 ) .  

Although the m o a q t  of pJrphines i so la ted  a f t e r  

r - i r r a d i a t i o n  was i n  t3e  microgrm range, th i s  quzmtity w s  

s u f f i c i e n t  t o  nake p o s i t i v e  i den t i f i ca t ion .  

F ig .  5 and 6 represent  the t o t a l  y i e lds  of porphines 

isolrr,ted from the stored Fixtures ,  plot ted agzinst  t i m e  o f  

s torage.  

i r r a d i a t i o n  conditions.  

Each l i n e  i n  5hese ,grE:phs represents  d i f f e r e n t  

DISCUSSION 

I n  our present study we have shown t .ht  porphine-like 

s t ruc tu res  c m  5e synthesized i n  the presence of oxygen from 

precursors  which were avai la3le  i n  the very e a r l i e s t  s t sge  of 

chemical evolution. 

a c t i o n  of e l e c t r i c a l  disch-srges on the Urey ztmosrjhere i n  

M i l l e r ' s  cxperizent (4,  5).  Pyrroles  m d  p p r o l i d i n e s  were 

e z s i l y  formed from emonia ,  acetylene,  and other  unsaturate8 

hydrocarbons by s iap le  c a t d y s i s  or under inf luence of u l t r a -  

v i o l e t  r a d i a t i o n  (1). 

as the major product of the rezc t ion  of ac t ive  ni t rogen with 

1,3-butadienes. 

kldelydes ;ere f o ~ i d  i n  products of the 

IC adzi t ion,  L ich t in  (31) found pyrroles  

The r e s u l t s  of t h i s  study s l s o  ind icz te  t h a t  the presence 

of water, o r  rz ther  the suspr,sicn of the organic matter i n  

water,  increcses  the y ie ld  of porphine like substmces consi-  

derably. OFarin (l), and Haldane ( 3 3 ,  ha-;e a i rezdy indicated 
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t h e  p o s s i b i l i t y  of e v o l u t i m  of l i v i n g  Icstter from the p o o l s  

r i c h  i n  org?nic mat ter ,  rfither than on s o l i d  smfzces .  The 

concentrstion of crganic m E t t e r  could be q u i t e  high, i f  p a r t  

of t he  -;rater solvent e v a p r e t e d ,  as  the case night be i n  lakes  

and 1-agoons. 

The incresse  i n  the yield of pDrphirs-like subsknces ,  on 

s tanding,  shows t h t  a process o f  Zxtccztalysis t rkes  place.  

This process,  Fostalated by Calvic (iT), now can be supported 

by experimeritel evidence. 

A c lose r  exminzcion of F ig .  5 and 5 revebls t h a t  t he re  i s  

z difference i n  the k o t a l  yield of porpbines a f t e r  standing when 

the Ioixture i s  o r i g i n a l l y  irrcdiatecl  with d i f f e r e n t  kinds cf 

e l ec t romgne t i c  rad iz t ion .  I a i t i a l  exposure t o  the tungsten 

lamp end no i n i t i z l  exposure both on standing i n  senidarkness 

seen t o  hcve 8 s imi la r  e f f ec t .  The r a t e  of increase i n  the 

production G f  -,orphincs i s  the ssme xithi:i the cxperinentzl  

e r ro r .  O n  the  other  h m d ,  an i n i t i s l  i r m d i a t i o n  with u l t r a -  

v i o l e t  l i g h t  has s lower  r z t e  of increcse of pcrphine production 

under i d e n t i c a l  conditions of storage.  

been made on aqueom suspensions of the s t r r t i n g  matcr iz l s  

and i n  the presecce of oxygen. 

This c o q a r i s o n  h is  

There i s  a genercl  cgreenect zsccg m m y  3uthol.s t h a t  

synthesis  of porpk;yrins is E necesszr-y s t e p  f u r  t ne  o r i g i n  of 

l i f e .  Xoy;;ever, the qiesf , lcn of the  time of t he  z;>pearance of 

pOrphyril?S i s  subject  t o  discussion. Gaffron (16)7 znd CElvin 

(19>, suppor t  the  ideas  tha t  porphyrins were already a c t i v e  i n  
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t he  very e a r l i e s t  qcasi-l iving orgznic s t ruc tures .  N i l l e r  

a 6  Urey (51, c c s l d e r  t h i s  not  a necess i ty  2nd suggest t h a t  

porphyrins U I E . ~  h ~ v e  e r i sen  d m i n g  the  evolution of  pr imit ive 

orgzniscs.  Strughold Lnd R i t t e r  (321, consider pre-existing 

s t o r e s  of oxygen, produced by photocheniczi dissociation of 

water, 2s n Frerequis i te  f o r  the forination zic! dzvelopnent of 

chlorophyll ,  while the heDe types of porphyrins  were forned 

about 1 t o  1.5 bi l l ic r?  yezrs l a t e r .  

klthG7.ig!l :t the present ,  t i m e  i t  s e ~ z s  t o  be k p o s s l b l e  t o  

determine with Fbsolute confidence a t  whst s tage  cr' chercical 

evolution porphiie-l ike substances developed, c e r t f i n  dr-ductions 

can be bzseZ en -the exrer izenta l  evideme now avci lzble .  I t  

can be argued t h z t  2.fter the s t o r e s  of sim2ler o r g a n i c  compounds 

renched t h e i r  satursticr? p o i r , t ,  i n  the f i r s t  s tage  of chemical 

evolut ion,  there  -GS _reed for a r & i x t l o n  of the  eriergy l e v e l  

of the  source i n  o r d e r  t o  ccntinue cheLtica1 e v o l u t i m  t o  3 more 

cnmplicLted nature .  Tkerefore the  photolysis of w E t e r  2nd 

t h e  farmetion cf 2 1  ozone layer  c c t  out s h c r t  u l t rEv io le t  

r2d ia t i cn  c o r q l e x l y ,  leaving only a nild energy source of 

lcnger  u l t rTv io le t  and v i s i b l e  ra2 ia t ion .  Consideri:iz the 

lower rate cf production of por2hine-like s?=lbstmces on 

standing which were i r r ~ d i ~ " , c c ?  v i t h  u i z r a v i o l e t  l i g h t ,  i t  m i g h t  

be  deduced th2.t the fo r r a t ion  of these substances occurred ir, 

an oxidzt ive s tmosphere.  
- ,n zdditioln evolutionery se l ec t ion  2ressure was exerted 

f o r  the  synthesis  cf porFhine-like substences as soon as the 
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reduct ive stncsphere wzs converted i n t o  an oxidat ive one. 

Since with the ctlt cff of the sho r t  u l t r z v i o l e t  r a d i a t i c n  not  

enough energy could be provided by the long  wave u l t r a v i o l e t  

and v i s i b l e  r ad ia t ion  f o r  c e r t a i n  chemical syrithesis, the 

appearance of porphines and e spec iz l ly  their metal che la t e s  

could be considered a necessi ty .  

trcnsformatlons such as h-jdrogen t r a n s f e r  o r  oxidF.tion i s  well 

establ ished.  

Their 2 id  i n  chemical 

Also s h u l t z n e o u s l y  w i t h  the chmge of reduct ive 

atmosphere t o  r,n cxidat ive one due t o  the  photolysis of da te r ,  

hydrogen percxide ap?eEred. I f  it remained i n  contzct  w i t h  

o r g m i c  substEnces, the r e s u l t s  would be f a t a l ,  Therefore, 

i n  order  t o  contlnue chemicel evolution, i t  was necessory 

that a mechanism be developed f o r  the  des t ruc t ion  of these 

h r g e  Emolults o f  hy3rogen peroxide. 

pointed out  t h a t  incorporation of f e r r i c  I ron  i n t o  8 heme- type 

molecule would increzse the c a t a l y t i c  a c t i v i t y  of i r o n  f o r  the  

des t ruc t ion  of hydrogen peroxide by B f a c t o r  of 103, while the 

addi t ion  of cer tEin pro te in  arrengenent increases  t h i s  

Czlvin (5) has a l ready  

des t ruc t ion  r a t e  by an c._dffitiGnal f x t o r  of 10 5 

These l a s t  two argwients i nd icz t e  t h a t  with the t r a n s i t i o n  

of a reductive cltnospkere i n t o  2.11 oxidat ive one, chn inmedicte 

Reed was created f o r  the  fornat ion of t h z  por$iine-like 

sv-bstames. 

This vork i s  su2ported i n  p a r t  by the  Grant RsG-226-62 

from the National Aeronautics and S p c e  Administration. 
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